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Metrological characterization of therapeutic
devices for pressure wave therapy: force, energy
density and waveform evaluation

G. Cosoli, L. Verdenelli, and L. Scalise, Member, IEEE

Abstract— Pressure wave therapy is widespread for multiple purposes, from cell metabolism stimulation to tendons, ligaments,
muscles and bones pathologies treatment. However, in the literature there are no quantitative metrological data related to pressure wave
devices. On the contrary, it would be extremely important to have more information on the provided therapeutic signal, which could
also be exploited as input for a finite element model able to foresee the pressure waves propagation inside the tissues. The authors
investigated three different versions of the same device in terms of force applied to the tissue. The results show a high variability of the
pulses intensities (up to 25 %), highlighting a non-uniformity of the treatment (in particular at low frequencies and high compressed air
pressure). Moreover, the dependence from different parameters (i.e. pulse frequency, pressure, opening time of the solenoid valve for
the compressed air pushing the bullet) was investigated. It was found that the lower the frequency and the higher the opening time of
the valve, the higher the force applied to the tissue. An estimation of energy density was done; sometimes the limit values provided by
pressure wave therapy guidelines (i.e. DIGEST and ISMST) are exceeded, in particular for soft tissues.

Index Terms— pressure wave therapy, metrological characterization, force measurement, FEM simulation

. INTRODUCTION

P RESSURE wave therapy is increasingly widespread, thanks to its multiple benefits: metabolism stimulation, blood flow
enhancement, tissue regeneration promotion, elimination of pathological alterations of tendons, ligaments, muscles and bones
[1]-[7]. This kind of treatment consists in the supply of a burst of pulses on the tissue to be treated; these pulses are generated by
means of an accelerated bullet (pushed with compressed air) hitting a solid body, whose motion is transferred to the tissue [8], [9].
An example of a typical handpiece of a pressure wave device is reported in Fig. 1.

The healthcare professional has to select different parameters to properly tune the therapy according to the patient necessities:
how many pulses have to be supplied, their frequency and the pressure value for the bullet acceleration [10], [11].
In spite of the popular use of this technique, to the best of the authors’ knowledge, very few quantitative data are reported in the
literature about the metrological characteristics of the therapeutic device and the accuracy of the signal supplied to the tissues.
There are only some guidelines, such as DIGEST and ISMST [10], [11], reporting approximate limits in terms of energy density
provided to the treated tissues. However, it would be more interesting to know how much of the force acting on the tissue surface
reaches a layer at a determined depth, as well as how the therapy varies with different parameters.
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Fig. 1. Typical handpiece of a pressure wave device; the transmitter is put in contact with the tissue to be treated and the pulses
supply is started by pushing the start button, activating the solenoid valve providing the compressed air to push the bullet along the
barrel.

A Finite Element Model could be conceptualized to represent a tissue submitted to a determined force (that is the one provided
through the therapeutic device), in order to evaluate how the pressure waves propagate inside the different tissue layers and which
force values they are subjected to. Furthermore, a numeric model can help in better understanding the underlying mechanism for
the therapy [12], [13]. In Fig. 2 an example of FEM result (from a model developed by the authors, with COMSOL Multiphysics
software [14]) is reported, representing the waves propagation in a connective tissue layer when 18 MPa pressure is applied by the
transmitter surface.



Such a kind of numerical models can be used as soft sensors, capable to estimate quantities difficultly measurable with standard
sensors in real conditions [15] (for example, a soft sensor could be used to derive energy density starting from compressed air
pressure), besides being an ideal instrument for the optimization of the device design [16].

In a previous study [17], the authors did a preliminary metrological characterization of a pressure wave therapeutic device
considering the tip displacement and the provided force (which the energy density can be derived from). The signal considered
consisted in 350 pulses at 1 Hz with different pressure values.

This paper aims at extending that study, considering more versions of a non-commercial pressure wave therapeutic device and
more combinations of the parameters of interest (i.e. number of pulses, frequency, compressed air pressure, but also opening times

TABLE |
PROPERTIES OF THE DEVICE UNDER TEST (DUT1, DUT2, AND DUT3)

Property Value
Compressed air pressure 1.5-5bar
Frequency 1-20Hz
Nr. of pulses Up to 10000
. Single pulse/Burst of pulses
Modality Manual/Automatic
Solenoid valve opening times 10-20 ms

of the solenoid valve controlling the air to push the bullet along the barrel).
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Fig. 2. Simplified model (realized with COMSOL Multiphysics software
[14]) of a skin layer (parallelepiped shape) put in contact with the
transmitter of the pressure wave device (cylindric shape) (A). The
propagation of the pressure wave (C) is reported on a frontal section
selected on the model (B); isolines of maximal pressure are reported.



Il. MATERIALS AND METHODS

Two measurement campaigns were carried out:

1. On one pressure wave device, DUT1 (DUT stands for Device Under Test);

2. On two pressure wave devices, DUT2 and DUTS3, with different solenoid valve models (between the two, in terms of opening
times) installed in the handpiece.

They are three different versions of a same device, which is not commercially available as a single device, but specifically
realised by the producer of the pressure wave therapy device to perform this investigation. Their characteristics are reported in
Table I.

A. Measurement campaign n°1
The first measurement campaign, carried out on DUT1, explored all the possible combinations of the following parameters:

« Opening times of the solenoid valve: 10, 15, 17 and 20 ms;

» Compressed air pressure: 1.5, 2, 3, 4 and 5 bar;

» Frequency of the pulses: 1, 5, 10, 15 and 20 Hz.

All the tests were carried out on 100 pulses and were repeated 3 times for each configuration, in order to evaluate the repeatability
of the provided therapeutic signal.

B. Measurement campaign n°2
The second measurement campaign considered different parameters for the two considered devices (DUT2 and DUTS3, in the
following). In particular, for DUT2:

» Opening time of the solenoid valve: 10 ms;
» Compressed air pressure: 1.5, 3 and 5 bar;
» Frequency of the pulses: 1, 10 and 20 Hz.
Instead, for DUT3, the following parameters were considered:
» Opening time of the solenoid valve: 15, 17 and 20 ms;
» Compressed air pressure: 1.5, 3 and 5 bar;
 Frequency of the pulses: 1, 10 and 20 Hz.
For all the tests 100 pulses were supplied.
C. Data acquisition

The measurement setup is reported in Fig. 3.
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Fig. 3. Test bench for the measurement of the transmitted force by means
of a load cell; the acquired signal was converted into digital through a 12-
bit ADC board, connected to a PC provided with a proper acquisition
software.

The force applied by the transmitter was measured by means of a piezoelectric load cell (PCB 208 A03, sensitivity of the
calibrated sensor: 447.50 N/V; full scale: 2225 N, natural frequency: 70 kHz [18]), which was fastened to the test table by means
of beeswax. The force transducer is suitable to measure the typical waveform generated by the device under test, as its rise time
and duration are in the order of nanoseconds [17]. In order to simulate a biological tissue, a 3 mm rubber (whose acoustic properties
reported in Table I1) was inserted between the transmitter and the cell; therefore, the measured force is that in correspondence of
a 3 mm depth. The load cell was connected to a 12-bit ADC board (PowerLab 4/25T, ADInstruments [19]), attached to a PC
equipped with LabChart acquisition software (LabChart 7, ADInstruments [20]). The sampling frequency was equal to 10 kHz,
since the main frequency content of the signal is < 3 kHz, as it is possible to note in the frequency spectrum reported in Fig. 4.
Moreover, an anti-aliasing filters bank was included in the measurement setup.
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Fig. 4. Frequency spectrum of a typical pressure wave signal.

D. Data processing
With regard to data processing, the signal was first of all calibrated according to the sensitivity of the load cell (i.e. 447.5 N/V).

The following step consisted in identifying all the peaks of the pulses, according to the definition of a proper amplitude threshold
and a minimum temporal distance between two consecutive peaks. Then, the average and the standard deviation of the amplitudes
were computed; in this way, the distribution of the pulses intensity (and, therefore, the uniformity of the treatment) was evaluated.
Also the average waveform of the total number of pulses for each configuration was computed.

The energy density (as defined in IEC 61846 Ultrasonics—Pressure pulse lithotripters—Characteristics of fields [21, p. 61846])
was computed according to the equation reported below [22], [23] and the results obtained for rubber were transferred to some
biological tissues (i.e. skin, connective tissue and bone), in order to have approximate values to compare with the reference
guidelines. The values of tissue density and sound velocity were taken from the literature [8], [24], [25] and are reported in Table
Il.

1

A2poco

energy density = [ F2dt [JIm?]
where:
« A [m?] is the transmitter area;
* po [kg/m3] is the tissue density;
* Co [m/s] is the sound velocity in the tissue; poCo is the acoustic impedance of the tissue;
» F [N] is the measured force, with the simplifying assumption of uniform distribution on the sensing surface.
Finally, comparisons were done with regard to frequency and opening time of solenoid valve parameters.

DENSITY, YOUNG’S MODULUS :r\ﬁ)BSLoEUII\IID VELOCITY OF THE DIFFERENT 1. Results
MATERIALS CONSIDERED In this section, results are reported in terms of force and energy
Material Density Young’s Sound velocity ~ density, for the two separate measurement campaigns.
(kg/im®) modulus (MPa) (m/s) ]
Rubber 1400 20 948 A. Results of the measurement campaign n°1
Skin. 1109 15 1624 An example of a force histogram and the corresponding
gg?gg;}'gg;':sue igg; goooo ég‘l‘g average waveform are reported in Fig. 5 and Fig. 6, respectively,

for compressed air pressure equal to 3 bar, opening time of the

solenoid valve equal to 10 ms and 1 Hz frequency. These results
were obtained on 300 pulses (i.e. the total number of pulses on 3 repeated tests).
For the sake of brevity, not all the results for all the possible configurations are reported, but only summary plots comparing force
values with regard to specific parameters. In particular, in Fig. 7 there is a bar plot representing force mean values and standard
deviations at different compressed air pressure values (from 1.5 to 5 bar) with respect to the time opening of the solenoid valve,
considering a pulse frequency of 10 Hz. The measurement intervals (i.e. p+o, where p is the mean and o the standard deviation)
resulting from slightly varying compressed air pressure values (e.g. 1.5 and 2 bar, or 4 and 5 bar) are generally compatible, so the
differences are not statistically significant.
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Fig. 5. Histogram of the applied force values for 300 pulses at 3 bar, 1 Hz
frequency and opening time of the solenoid valve equal to 10 ms (DUT1).
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Fig. 6. Average pressure pulse waveform obtained on 300 pulses at 3 bar,
1 Hz frequency and opening time of the solenoid valve equal to 10 ms
(DUTY).

It can be noticed that the higher the opening time of the solenoid valve, the higher the applied force, except for the highest
opening time value (i.e. 20 ms), when the force applied to the tissue seems to start decreasing. The same considerations can be
made for the other frequency values. On the contrary, when the opening time of the solenoid valve is not long enough, the bullet
is not accelerated enough: this results in a “fake” impact into the transmitter, due only to the compressed air and not to the bullet.

In Fig. 8 there is a bar plot representing force mean values and standard deviations at different compressed air pressure values
(from 1.5 to 5 bar) with respect to the pulse frequency values (from 1 to 20 Hz), considering a time opening for the solenoid valve
equal to 20 ms. As already observed for Fig. 7, there is no statistically significant differences between the results obtained for
slightly varying compressed air pressure values. Force decreases with frequency, probably becsuse of limitations linked to the
pressure reservoir refilling.

It can be stated that, all the other parameters being equal, the higher the frequency of the pulses, the lower the force applied to
the tissues. Moreover, at high frequencies (i.e. 15 and 20 Hz) the force applied at 4 or 5 bar is approximately the same (i.e. there
are no statistically significant differences). With regard to the variability of the provided pulses, it can be noticed that there is a
higher standard deviation of the intensity at higher pressure values (in particular at low frequencies); this could be due to the
frequency of the pressure reservoir refilling, which should be greater when a higher pressure is required.

With regard to energy density results, an example is reported in Fig. 9 for 10 Hz frequency and an opening time of the solenoid
valve equal to 20 ms.

The same kind of considerations can be made in terms of energy density. The corresponding plots are reported in Fig. 10 and
Fig. 11, respectively, for simulated connective tissue.

It can be observed that the limit reported in the guidelines (i.e. 300 J/m?) is never exceeded for the configurations reported and
it is confirmed for all the tested configurations.
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Fig. 7. Force values at different compressed air pressure values (i.e. 1.5, 2,
3, 4 and 5 bar) with respect to opening time of the solenoid valve (i.e. 10,
15, 17 and 20 ms) at 10 Hz frequency (DUTL).
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Fig. 8. Force values at different compressed air pressure values (i.e. 1.5, 2,
3, 4 and 5 bar) with respect to pulses frequency values (i.e. 1, 5, 10, 15 and
20 Hz) with an opening time of the solenoid valve equal to 20 ms (DUT1).
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Fig. 9. Energy density values at different compressed air pressure values
(i.e. 1.5, 2, 3, 4 and 5 bar) for different kinds of simulated tissue (i.e. skin,
connective tissue and bone) at 10 Hz frequency and 20 ms opening time of
the solenoid valve (DUT1).
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Fig. 10. Energy density values for simulated connective tissue at different
pressures set for the compressed air (i.e. 1.5, 2, 3, 4 and 5 bar) with respect
to opening time of the solenoid valve (i.e. 10, 15, 17 and 20 ms) at 10 Hz
frequency (DUT1).
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Fig. 11. Energy density values for simulated connective tissue at different
compressed air pressure values (i.e. 1.5, 2, 3, 4 and 5 bar) with respect to
pulses frequency values (i.e. 1, 5, 10, 15 and 20 Hz) with an opening time
of the solenoid valve equal to 20 ms (DUT1).
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B. Results of the measurement campaign n°2

With regard to the second measurement campaign, results are reported in the same manner as in the previous one: an example
of the histogram of the force values and the corresponding average pressure waveform, an example of the energy density values
for the different simulated tissues and then, for the sake of brevity, some comparative bar plots. Furthermore, results are reported
for the two different handlers tested in this measurement campaign. It is worthy to notice that only three values of compressed air
pressure have been tested, since, according to the results obtained from the previous measurement campaign, measurement

intervals for slighlty different values are compatible.



In particular, in Fig. 12 and Fig. 13 the histogram and the average waveform are reported, respectively, for pressure equal to 3
bar and 10 Hz frequency for DUT2. These results were obtained on 100 pulses.

With regard to energy density results, an example is reported in Fig. 14 for 10 Hz frequency for DUT2.

In Fig. 15 and Fig. 16 there are bar plots representing, respectively, force mean values and standard deviations at different
compressed air pressure values (i.e. 1.5, 3 and 5 bar) with respect to the pulse frequency values and the corresponding energy
density values, both for the DUT2.

It can be noticed that the highest variability in the provided pulses is observed at high compressed air pressure value (i.e. 5 bar)
and low frequency (i.e. 1 Hz), probably because of an incorrect setting for the pressure reservoir refilling. It is worth noting that,
even if this is an indirect estimation of energy density, the guidelines limit value (i.e. 300 J/m?) seems to be exceeded at high
compressed air pressure, above all at lower frequencies (which represent critical conditions for the system, resulting also in higher
variability).

The higher the pulses frequency, the lower the force (and, consequently, the energy density) applied to the treated tissue.

With regard to DUTS3, an example of histogram of pulses intensities and the corresponding average waveform are reported in
Fig. 17 and Fig. 18, respectively, for compressed air pressure equal to 3 bar, 10 Hz frequency and opening time of the solenoid
valve equal to 17 ms. For what concerns energy density results, an example is reported in Fig. 19 for 10 Hz frequency and an
opening time of the solenoid valve equal to 20 ms.
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Fig. 12. Histogram of the applied force values for 100 pulses at 3 bar and
10 Hz frequency (DUT2).
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Fig. 13. Average pressure pulse waveform obtained on 100 pulses at 3 bar
and 10 Hz frequency (DUT?2).
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Fig. 14. Energy density values at different compressed air pressure values
(i.e. 1.5, 3 and 5 bar) for different kinds of simulated tissue (i.e. skin,
connective tissue and bone) at 10 Hz frequency (DUT2).
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Fig. 15. Force values at different compressed air pressure values (i.e. 1.5,
3 and 5 bar) with respect to pulses frequency values (i.e. 1, 10 and 20 Hz)
(DUT2).
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Fig. 16. Energy density values for simulated connective tissue at different
compressed air pressure values (i.e. 1.5, 3 and 5 bar) with respect to pulses
frequency values (i.e. 1, 10 and 20 Hz) (DUT2).
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Fig. 17. Histogram of the applied force values for 100 pulses at 3 bar, 10
Hz frequency and opening time of the solenoid valve equal to 17 ms
(DUT3).
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Fig. 18. Average pressure pulse waveform obtained on 100 pulses at 3 bar,

10 Hz frequency and opening time of the solenoid valve equal to 17 ms
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Fig. 19. Energy density values at different compressed air pressure values
(i.e. 1.5, 3 and 5 bar) for different kinds of simulated tissue (i.e. skin,
connective tissue and bone) at 10 Hz frequency and an opening time of the
solenoid valve equal to 20 ms (DUT3).

In Fig. 20 and Fig. 21 there are bar plots representing, respectively, force mean values and standard deviations at different
compressed air pressure values (i.e. 1.5, 3 and 5 bar) with respect to the pulse frequency values and the corresponding energy
density values, both for the DUT3, for an opening time of the solenoid valve equal to 20 ms.



It can be noticed that the higher the pulses frequency, the lower the force applied to the tissue and, consequently, the lower the
energy density provided. It is possible to notice that, in general (except for 5 bar, 20 Hz configuration), differences between two
next compressed air pressure values are statistically significant (not compatible measurement intervals). Therefore, the treatment
carried out with them is actually different (contrary to what observed for the values considered in the first measurement campaign).

In Fig. 22 and Fig. 23 there are bar plots representing, respectively, force mean values and standard deviations at different
compressed air pressure values (i.e. 1.5, 3 and 5 bar) with respect to the opening time of the solenoid valve and the corresponding
energy density values, both for the DUT3, for 10 Hz frequency.
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Fig. 20. Force values at different compressed air pressure values (i.e. 1.5,
3 and 5 bar) with respect to pulses frequency values (i.e. 1, 10 and 20 Hz)
with an opening time of the solenoid valve equal to 20 ms (DUT3).
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Fig. 21. Energy density values for simulated connective tissue at different
compressed air pressure values (i.e. 1.5, 3 and 5 bar) with respect to pulses
frequency values (i.e. 1, 10 and 20 Hz) with an opening time of the
solenoid valve equal to 20 ms (DUT3).
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Fig. 22. Force values at different compressed air pressure values (i.e. 1.5,
3 and 5 bar) with respect to opening time of the solenoid valve (i.e. 15, 17
and 20 ms) at 10 Hz frequency (DUT3).
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Fig. 23. Energy density values for simulated connective tissue at different
compressed air pressure values (i.e. 1.5, 3 and 5 bar) with respect to
opening time of the solenoid valve (i.e. 15, 17 and 20 ms) at 10 Hz
frequency (DUTS3).

In this case, the higher the opening time of the solenoid valve, the higher the force (and, consequently, the energy density)
provided, since the bullet is subjected to compressed air for a greater time interval.
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IV. CONCLUSIONS

The application of pressure wave therapy is increasingly widespread, however the quantitative parameters influencing the
therapeutic outcome have not been deeply explored so far.

In this study the authors evaluated three different versions of the same device; from the results, it can be stated that:

e the higher the opening time of the solenoid valve, the higher the applied force (and, consequently, the energy density);

e the opening time of the solenoid valve should be sufficient to avoid “fake shots”; 15, 17 and 20 ms were proved to be suitable,

whereas 10 ms is too short;

o the higher the frequency of the pulses, the lower the force (and, consequently, the energy density) applied to the treated tissues;
this could be linked to a not sufficiently high ferquency of the pressure reservoir filling, which should be improved in future
versions of the device;

e variability of pulses is greater (up to 25%) at higher compressed air pressure and low frequencies, representing critical
conditions for the system; in standard therapeutic conditions, variability is <10%;

e measurement intervals (i.e. p+o) obtained with slightly different compressed air pressure values (e.g. 4 and 5 bar) are
compatible. Consequently, it is worthy to reduce the selectable values for the pressure driving the therapy.

Particular attention has to be paid when deriving energy density from the measured force, because literature values are used for
density and sound velocity values, but variability of physiological quantities is high. It is worthy to underline the fact that the
signals generated by the device under test are slower than those reported in ISMST guidelines, since the waveform has both rise
time and duration in the order of nanoseconds. However, slower values (in the order of milliseconds) are reported in literature,
where it is said that the waveform is distorted by the means of the impact body [26]. For this reasons, results cannot be compared
to those reported in literature for faster signals, as in [27], both in terms of duration and intensity.

The measured force data could be used in a finite element model to visualize the pressure waves propagation inside a determined
tissue (or through layers of different tissues, showing different acoustic properties [28]). This would allow the therapist to tune
parameters according to the desired effect at a determined depth in the tissue, where, for example, a pathology has been located by
means of standard diagnostic methods (e.g. x-ray or ultrasound technique). Indeed, therapists usually choose pulses number,
frequency and pressure value according to DIGEST and ISMST guidelines or based on their experience, but it would be of utmost
importance to have an objective tool able to predict the effects of the therapy on the treated tissues not only qualitatively. This
could be a numeric model, having as inputs mechanical quantities measured on the therapeutic device. Such an instrument could
foresee what would happen if a determined parameter was changed, also providing a kind of soft sensor, able to estimate the
intensity of the pressure wave supplied to the tissues to be treated. Indeed, as already highlighted in literature for several medical
devices, the future trend is focused on soft sensors, which allow the therapist to know in real-time useful parameters (e.g. energy
density, in case of pressure wave therapy) estimated from previously measured/simulated data (e.g. compressed air pressure). Soft
sensors are used not only in biomedical applications [29]-[31], but also in different fields, such as industrial [32], [33], smartphone
[34] and building [35] applications. For example, starting from the parameters set in the pressure wave device (e.g. compressed air
pressure and frequency), a soft sensor could estimate the energy density provided to the treated tissue, which is a quantity not
easily measurable in real applications. Besides, numerical models are often used in biomedical applications, in order to better
understand occurring phenoemena and, consequently, to optimize the design of therapeutic devices [36]-[40].

Measurements and models of this kind are also useful to improve the electromedical device design in order to have a more
uniform treatment on the tissues, since high variability can be observed in the results (up to 25% in terms of pulses intensity). Also
indications for the controlling software of the device can be obtained, for example concerning the pressure reservoir refilling.

Finally, it is possible to make an approximative evaluation of energy density parameter, to be compared to guidelines values.
Even if these are not compulsory limits to respect, it is worth thinking, in medical terms, what a higher energy value could entail
for the patient. Within 2020 a standard specific for non-focusing pressure pulse sources (i.e. IEC 63045 Ultrasonics - Non-focusing
pressure pulse sources - Characteristics of fields, currently under development by the IEC technical committee TC87 [41], [42, p.
87]) should be published; this will be of utmost importance to measure field parameters in a reliable and repeatable way.

It would be interesting to realize an instrumented prototype able to collect real data during a real treatment, so as to study what
happens in tissues during the procedure. This would overcome the limits of the present results in terms of energy density, since
measurements were carried out on a tissue phantom and the results were transferred to tissues by means of literature data in terms
of density and sound velocity, which are characterized by a high variability.
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